hyperbilirubinemia and reticulocytosis of 6 to 15%o was documented in eight members of a large family from the Dominican Republic and was presumed to be present in eight other members. The disorder appeared to be inherited as an autosomal dominant characteristic.
INTRODUCTION
Hereditary hemolytic disorders are known to be associated with alterations in the metabolism and shape of erythrocytes, with decreased activities of certain enzymes and with abnormalities in the structure and synthesis of hemoglobin. Consistent, confirmed changes in the lipids of erythrocytes in disorders which are primarily hemolytic have not been reported. The content of phosphatidyl choline (lecithin) is decreased in the erythrocytes of patients with abetalipoproteinemia (acanthocytosis) in which mild or intermittent hemolysis may occur (1, 2) . This alteration in phospholipid composition, however, is considered to be secondary to changes in the plasma phospholipids (3) . The increased susceptibility of acanthocytes to hemolysis in vitro and, perhaps, in vivo, has been attributed to lipid peroxidation as a consequence of The Journal of Clinical Investigation Volume 47 1968 a severe deficiency in vitamin E (4, 5). A decreased content of lecithin also has been observed in the erythrocytes and plasma of a Japanese child with hemolysis, dwarfism, and mental retardation, but without a family history of hemolytic anemia (6) . The present report describes a nonspherocytic hemolytic disorder in a large family from the Dominican Republic. This abnormality appears to be inherited as an autosomal dominant characteristic and is associated with an increase in the lecithin content of the erythrocytes.
METHODS
Lipids of erythrocytes and plasma. Freshly drawn venous blood, anticoagulated with disodium ethylenediaminetetraacetate (EDTA) (1 mg/ml of blood), was centrifuged at 250 g for 10 min to separate erythrocytes from plasma. The erythrocytes were washed three times in 0.154 M sodium chloride solution with centrifugation and then were resuspended in an approximately equal volume of a phosphate-buffered isotonic sodium chloride solution (pH 7.4) for counting with a Coulter model F electronic particle counter and for determination of packed cell volume. The plasma was centrifuged again at 3000 g for 10 mm in order to remove remaining leukocytes and platelets.
Lipids were extracted from the plasma and erythrocyte samples immediately after the final washing. Redistilled reagent grade methanol and chloroform were deaerated with nitrogen and cooled to 2-5°C just before use. 1 volume of sample was added to 7 volumes of methanol and the mixture was stirred constantly by means of a magnetic stirrer for 15 min; 14 volumes of chloroform were then added and stirring was continued for 1 hr at 4°C. The mixture was filtered through solventwashed filter paper, and the residue was subjected to a second extraction with 10 volumes of chloroform-methanol 2: 1 (v/v). No significant increase in yield of lipid phosphorus was achieved by prolonging extraction time beyond 1 hr or by increasing the temperature of the solvents to room temperature or higher. The chloroform-methanol extracts were washed by the method of Folch, Lees, and Sloane Stanley (7) with 0.1 M potassium chloride solution in the upper phase. The lower phase was taken to dryness in a rotary evaporator at 37'C, and the lipid was redissolved immediately in cold chloroform-methanol 2: 1 (v/v). Washed lipid extracts were filtered again and were stored at -20°C in tightly stoppered amber bottles. Total lipid weight and lipid phosphorus were determined as previously described (8) . Cholesterol was measured by the method of Leffler (9) and plasmalogen content was estimated by the iodination method of Gottfried and Rapport (10) with the + 8%o correction factor recommended by Rapport and Norton (11) . Individual phospholipids were separated and measured by quantitative thin-layer chromatography on "basic" Silica Gel H 1 with 1 E. Merck, Darmstadt, Germany. chloroform-methanol-acetic acid-water 25: 15: 4: 2 (v/v) (8, 12) .
Froagilitv of crvthrocvtcs. Osmotic fragility was determined before and after incubation of sterile, defibrinated blood for 24 hr at 37'C (13). Autohemolysis was measured as described by Selwyn and Dacie (14) , but with heparin as anticoagulant (15) . Mechanical fragility was estimated before and after incubation at 370C for 24 hr (13) . Spontaneous hemolysis of clotted blood and of blood anticoagulated with disodium EDTA was determined after storage at 50C for 24 and 48 hr (16) .
Examinations for abnormal hernoglobins. Standard methods were employed for hemoglobin electrophoresis on starch gel at pH 8.6 (17) and on agar gel at pH 8.6 and 7.5 (18) . Electrophoresis was also performed at pH 8.6 with borate and Tris-citrate-borate buffers with and without added para-hydroxy mercuribenzoate (19 (26) . Glutathione peroxidase activity was determined in the laboratory of Dr. Ruth T. Gross (22) . The concentrations of reduced glutathione (GSH) and its stability upon incubation with acetylphenylhydrazine were determined as described by Beutler (27) ; 5,5'-dithio-bis-(2-nitrobenzoic acid) was used for the measurement of GSH (28) . The concentrations of adenosine triphosphate (ATP) and adenosine diphosphate (ADP) were measured by Mr. Joseph Fuhr (25) . Utilization of glucose and production of lactate and pyruvate from glucose and inosine were determined as described elsewhere (29 Normal greater than 50 mg/100 ml. § Normal less than 2.5%. was normal. Oral cholecystography demonstrated a normally functioning gallbladder without evidence of stones. X-rays of the skull revealed widened diploic spaces and separated tables. Marked normoblastic erythroid hyperplasia was noted in a smear of aspirated bone marrow. Needle biopsy of the liver demonstrated diffuse hemosiderin deposits in the cytoplasm of parenchymal cells, but no acute or chronic inflammatory response. The serum iron concentration was 250 ,ug/100 ml and the total iron-binding capacity was 288 ,g/100 ml, 87%o saturated. Coombs' test and examinations for cold and warm agglutinins and for acid hemolysins were negative. The urine was of normal color, hemosiderin was not observed and urobilinogen was present in a dilution of 1: 80-1: 160. The concentrations of porphobilinogen and of delta amino-levulinic acid in the urine were normal.
The osmotic fragility of the patient's erythrocytes was decreased (Fig. 2) . After incubation for 24 hr, the increase in fragility was less than that observed with blood from normal subjects and much less than that noted with blood from the patient with hereditary spherocytosis (Fig. 3 ). There was, however, a small population of cells which did become more fragile. Autohemolysis after incubation for 48 hr was moderately increased to 5.1%o and was reduced to nearly normal levels by the addition of glucose, inosine, or ATP. Mechanical fragility before and after incubation at 370C and spontaneous hemolysis of clotted and anticoagulated blood stored at 5C were normal.
An abnormal hemoglobin could not be demon- Organ scanning revealed a splenic localization index of 1.1 (30) . Compatible blood from a normal donor, labeled with 51chromium, had a t1 of 28 days. Surface counting indicated progressive accumulation of radioactivity in the spleen, comparable to the sequestration noted with isologous-labeled erythrocytes. These findings were compatible with some degree of hypersplenism superimposed upon an intrinsic erythrocyte abnormality, but excluded the possibility of primary hypersplenism. The studies of survival of erythrocytes in vivo also Fig. 4 15%o and the morphology of the erythrocytes on stained smears of peripheral blood was similar to that of the propositus' smear. The unconjugated serum bilirubin concentration was elevated in all cases, but only one (11-3) had a slightly elevated conjugated bilirubin concentration. Liver function tests were normal, except that two patients had 2 + to 3 + cephalin flocculations. The unbound serum haptoglobin concentration was less than 50 mg/100 ml in the seven cases studied. The concentration of alkali-resistant hemoglobin (fetal) represented more than 4% of the total hemoglobin in three of seven subjects. Lipid content of the erythrocytes and plasma. The possibility was considered that this hemolytic disorder might have resulted from a defect in the cell membrane. Therefore, we determined the lipid composition of the erythrocytes. A definite elevation was found in the lecithin content of the erythrocytes of the propositus (Table II) .2 Studies of other members of the family also disclosed an increase in the lecithin content of the erythrocytes of each of the seven clinically affected subjects examined, and in none of five normal relatives (Table II erides, and sphingomyelin showed highly significant deviations from the normal distribution of these phospholipids, but it was apparent that the altered phospholipid distribution was based tntirely on an isolated increase in total lecithin content (Fig. 5 ). No significant difference was found in the absolute content of cholesterol, sphingomyelin, or ethanolamine phosphoglycerides. Total phosphatidyl serine content per cell was slightly elevated (P < 0.01), but the relative proportion of this phospholipid was normal (P > 0.4). The total plasmalogen content of the erythrocytes (mean value 5.69 X 10-17 mole/cell) was within the normal range (5.75 X 10-17 + 0.73 SD). Dr. Lewis Gidez kindly analyzed the fatty acids of the total lipid extract and of an isolated lecithin fraction of the erythrocytes of the propositus by means of gas-liquid chromatography (32) . The distribution of fatty acids was similar to that of normal control samples (Table III) .
In order to rule out the possibility that the observed changes were nonspecific alterations in lipid composition related primarily to an increased proportion of young erythrocytes, we examined blood samples from adults with a variety of other congenital or long-standing hemolytic disorders (Table II) . Reticulocyte levels as high as 29% and unconjugated serum bilirubin concentrations There was an increased content per cell not only of lecithin, but also of the other major phospholipids (Fig. 5) . The relative proportions of phospholipids and the absolute phospholipid content based on packed cell volume, however, were normal. Three patients with severe liver disease, hyperlipemia, and jaundice were found to have a marked increase in the lecithin content of the erythrocytes, in agreement with reports by Nye and Marinetti (33) and Ways (34) . J.E. was a 28 yr old man with sclerosing cholangitis secondary to chronic ulcerative colitis. His hemoglobin was 9.9 g/100 ml, packed erythrocyte volume 31%, reticulocytes 1.7%, and the total serum bilirubin was 20.0 mg/100 ml with 14.0 mg/100 ml conjugated.
M.S., a 47 yr old woman with Laennec's cirrhosis, had a hemoglobin of 8.9 g/100 ml, packed erythrocyte volume of 26.5%o, reticulocytes of 3.0%o, and a total serum bilirubin of 9.4 mg/100 ml with 4.2 mg/100 ml conjugated. D.L. was a 65 yr old woman with presumed fatty nutritional cirrhosis, probably secondary to chronic alcoholism. Her hemoglobin was 11.8 g/100 ml, packed erythrocyte volume 33%o, reticulocytes 2.0%o, and the total serum bilirubin was 3.3 mg/100 ml with 0.7 mg/ 100 ml conjugated. In contrast to affected members of the family with the hemolytic disorder, these patients had extremely high plasma levels of total lipid, phospholipids, and cholesterol (Table  IV) .
Plasma lipids of six affected members of the C. family were unremarkable with respect to total lipid weight, total phospholipids, and cholesterol. A small but statistically significant difference was found, however, in the relative proportions of sphingomyelin (decreased) and lecithin (increased), as shown in Table IV . An abnormal lipoprotein, known to be present in obstructive hepatic disease with hyperlipemia and jaundice Diet and other environmental influences, therefore, were considered to be unlikely factors in the development of the altered pattern of phospholipid distribution in the erythrocytes of these patients. Special care was required in the extraction, storage, and analysis of the lipids because of the sensitivity of lipids to autoxidation, particularly in the presence of heme pigments. Dodge and Phillips (41) emphasized a common pitfall in the chromatographic analysis of erythrocyte lipids, viz., an apparent reduction in the content of ethanolamine or serine phosphoglycerides after unsuspected oxidative changes. Changes in these phosphoglycerides, which contain a relatively high proportion of polyunsaturated fatty acids, may lead to spurious "lysophosphatide" spots or generalized streaking on thin-layer chromatograms. In the present investigation, no loss of ethanolamine or serine phosphoglycerides was detected in blood samples from either normal subjects or patients. No evidence of unusual spots or abnormal lysophosphatides was encountered, nor was there any increase in absorbancy at 234 and 268 mpu, a sensitive measure of autoxidation (41) , in lipid extracts from erythrocytes of affected patients. With the chromatographic system described here, a lysophosphatidyl ethanolamine reference standard had a mobility slightly faster than that of lecithin and could be distinguished readily from lecithin. Lecithin derived from erythrocytes of the patients with the hemolytic disorder produced a single spot on thin-layer chromatography with this and other solvent systems and yielded infrared spectra indistinguishable from those of authentic phosphatidyl choline. No ninhydrin-positive material could be detected in the region of the lecithin spot.
Extreme elevations in the lecithin content of erythrocytes and plasma from some patients with jaundice, liver disease, or hyperlipemia were reported by Nye and Marinetti (33) . Ways (34) recently described a patient with liver disease and a mild hemolytic process in which a similar alteration in the composition of the phospholipids appeared to revert towards normal when the liver disease improved. In the present investigation, (45, 47) . Enzymic deficiencies known to be associated with hereditary hemolytic disorders were excluded by direct assay, except for 2,3-diphosphoglycerate mutase and ATPase deficiencies. The former possibility appeared to be unlikely because of the elevated concentration of ATP consistent with the reticulocytosis, the increased utilization of glucose and production of lactate and pyruvate, the decreased osmotic fragility, the results of the autohemolysis tests, and the mild clinical course (48) (49) (50) . ATPase deficiency could not be excluded with certainty, but the degree of anemia in reported cases usually was greater, the reticulocytosis less marked, and the osmotic fragility would be expected to be increased (51) . The diagnosis of a hereditary nonspherocytic hemolytic disorder, therefore, was made after eliminating other etiologies. The incidence and distribution of this disHemolytic Disease Associated with Altered Phospholipid Composition order in this family were compatible with an autosomal dominant mode of inheritance.
The decreased osmotic fragility and the minimal increase in fragility after incubation of blood from the patients described here were of interest and helped to rule out the diagnosis of hereditary spherocytosis. The findings were reminiscent of those noted with erythrocytes from patients with obstructive biliary tract disease and presumed to be secondary to elevated concentrations of erythrocyte cholesterol (52) . The plasma and erythrocyte cholesterol concentrations of the patients with the hemolytic disorder, however, were normal. The role of the elevated lecithin content in the altered osmotic fragility pattern has not been determined. Association of the lipid changes with an increased ratio of surface area to volume might well account for the decreased osmotic fragility. The mere presence, however, of a high total lipid content in large young erythrocytes, as observed in the case of A. R. (Figs. 2 and 3 ), was not sufficient to produce such an increase in osmotic resistance. Differences in the osmotic fragility of the erythrocytes of various animal species have not been related directly to variations in lipid composition (36) .
Most of the lipid of the mammalian erythrocyte probably is involved in the formation of the complex lipoprotein structure of the cell membrane (36) . The phospholipid composition of erythrocytes is considered to be fairly constant within a given mammalian species (53) . Although de novo synthesis of lipid probably does not occur in mature human erythrocytes (54) , some exchange between the corresponding plasma and erythrocyte components has been demonstrated (3). The fractional turnover of lecithin in man in vivo and in vitro, for example, has been calculated to be 7% in 12 hr (3). In abetalipoproteinemia, the young erythrocytes are normal in appearance and in phospholipid composition and the lipid alterations develop during the circulation of the mature erythrocytes (55) . Thus, the phospholipid changes in acanthocytes have been considered to be secondary to the markedly abnormal plasma lipids and to have developed through the process of exchange (3) . A similar mechanism may be responsible for the alteration in phospholipid content of the erythrocytes in certain patients with liver disease (33, 34) . In the patients with the hereditary nonspherocytic hemolytic disorder, however, the plasma lipid distribution has shown only minor deviations from normal, which are of uncertain significance.
The change in the relative phospholipid distribution in the erythrocytes of the patients described here may have altered the membrane structure sufficiently to predispose the cells to premature destruction. On the other hand, the lipid changes may reflect a more fundamental derangement of cell membrane structure. Further investigations will be required to establish the nature of the basic defect in this disorder.
ADDENDUM
Since this paper was submitted for publication, one of the patients (III-26) was demonstrated to have an elevated ATPase activity (51) in her erythrocytes, and the 2,3-diphosphoglycerate content (50) was normal. Thus, ATPase and 2,3-diphosphoglycerate mutase deficiency were considered not to be associated with this hemolytic disorder. The 5 yr old daughter of this patient (IV-30, Fig. 4 ) was found to be affected by the same hemolytic disorder (erythrocyte lecithin phosphorus, 1.23 moles X 10-18 per cell, reticulocytes, 10%, haptoglobin, 20 mg/100 ml, and jaundice). The 3 yr old son of this patient (IV-31, Fig. 4 ) had a normal blood count, no jaundice, and the lecithin phosphorus content of his erythrocytes was 0.95 mole X 10' per cell.
